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Abstract g( \C\:)r .

The present monograph constitutes Part I of the material which
will be eventually written, If living objects are defined to be open
thaanic systems which @eate and mairtain internal states of low entropy
by dissipating energy, then only certain environments are favorable to life.
One measure of the ability of an environment t{o support life is its entropy
production. A finer measure of the ability of an environment to support
life is the efficiency with which the available solar energy can be
converted to useful mechanical work. The maximum efficiency with which
thermal energy can be converted to useful mechanical power is considered
for two idealized hest engines, An upper bound is postulated for the
power efficiency of any actual heat engine which is less than the Carnot
efficiency. The likelihood of life having entered the solar system from
without is considered. It is indicated that sophisticated 1ifs forme
might be found close to the sun,

Part II will examine the pctzatials of the various planets, asteroids,
and sun for sustaining life, utilizing some of the general theory derived in

the present monograph,
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INTRODUCT ION

There has been considerable specnistion about the possible existencs
of 1ife on the various planets in the sclar system (eg., Jackson and Moore,
1962; Oparin and Feamkov; 1961; and Toequet, 1962). This speculation has
bsen largely limited to estimating the static characteristics of a planet's
surface. The temperature, pressure, chemical composition of the atmosphere
of the planets have been coucidered to get some idea of the type of
chemical compounds that might exist on the planvt. It is generally
assumed that 1ife must be based upon carbon chemistry and that the environment
mist be capable of supporting complex organic compounds such as found on the
earth, Because 1ife on iks sarih tends to faver the production of compounds
that show optiscal rotary activity while inorganic synthesis does not, it
has been proposed thal life might be detected on the surface of a planet by
measuring the optisal activity of the compounds found on the surface.(Stryer, 1966).

While the use of chemiocal techniques to evaluate the possibility of
lifs existing on the various planets should be capable of estimating the
1likelihood 6f earth~like life being pressut, it cannot yield a proper
estimate of the likelihood f'extremely alien life forms existing. A novel
and more fundamental approach tc the problem is proposed here, Rather than
identifying life by its chemical structure and its static characteristics,
it is proposed that life may be better identified by its thermodyuamis
behavior, For «axample, lire consumes high utility energy in order to
maintain an internal state of low entropy; so that the consumption of energy

may be chosen as one thermodynamic behavioral chzracteristic which serves



to distinguish the living from the nonliving., It is the dynamic, racher
than the static, characteristics of the surface of a planet which cen, thus,
yield more partinent information with raspesct to the problem of .he like-
lihood of life existing. For example, an environment favorable to life
must supply high utility energy at a constant rate in order to support the

energy reguirements of life,

PROPOSED DEFINITION OF LIFE

Before it is possible to sstimate the likelihood of life occurring
somewhere in the solar system, it is nacesmesry tc ssiablish some means of
identifying lifs, As i3 now generally recognized, there is no absolute
way to distinguish living objects from nonliving objscis {Pirie, 1937).

In everyday usage the word life is primarily anthropomorphic; the more
characteristics an object has which are similar to those of man,the more
the object is imbued with life-like properties.

While the anthropomorphic connotations of the word life may be deplored
as being egocentric, unscientific, and nonobjective, they do serve to

indicste the real reason and motivation for tne search ior 1ife in iLhs
solar system. The search is for man-like objests, The likelihood of
finding anything elsewhere in the solar system even remitely similar to man
with all of his multitudinous attributes is, of course, extremely unlikely.
Never-the~less. certain properties of objects are of more intersst than
other properties depending upor how man-like thase properties are, The
prcblem of estimating the likelihood of finding life in the solar system

may now be placed in its proper perspective: It is the search for objects

AN, §
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with man-like properties, There is no need to claim that the search is
for object.s with some strange,peculiar, unique, or mysterious properties
which distinguish them absolutely as living, It is now possible to list
the properties of interest guite naively and without regard for any absolutse
cr mystical definition of life,

The man-like properties of greatest interest should not, of course, be
trivial properties, For example, even the most anthrcpomorphic view does
not attribute life to a statue merely Lecause the geometrical conformation
of the statue agrees approximately with the gross external static geometrical
Tmabion of o Halle 1116 ZreaLesy Concern nsere will e with ovjsc
which are man-like in the most fundamental thermodynamic sense. In particular,

the objects or life whose existence is sought are taken to have the following

characteristicss
1) Chiccis that ars opon thormodynemic eystems evchanging energy,

compounds, and radiation with their environment.

N

J Objssts that meintain elements in internal states of entropy which

N

are lower Lhau Lhe eniropy of the same elements as normally founa in the
environment,

3) Objects that create or maintain thermodymemic order {low entropy) by
dissipating high utility energy to low utility energy.
These three attributes may ke tco fow 4o distinguish what is ordinarily

regarded as life; yet, tuese characteristics are so overwhelmingly imnortent

that further delineations would merely serve to detract from the utility of

this generallzsd thermodynomic goncept. of life

A refrigerator satisfises these three criteria: A refrigerator is an open
system consuming electrical energy and eliminating thermal energy. it

maintains an internal state of lower entropy (by maintaining an intsrnal state



of lower temperature). 4nd the internal state of higher thermodynamic
order {lower entropy) is achieved by th: dissipation of high utility
electrical energy to low utility thermal energy. At first glance it appears
absurd to call a refrigerator a living object; and according to the usual

multitvdinous criteria used to define living objects it is absurd, Yet if

we recognize the fact that a refrigerator is at least man-like in the
essential three thermodynamic characteristics mentioned, then we can view the
refrigerator as a most unusual object, one which in the present conbext
might be worthy of being called living,
If a refrigerator-like object were discovered on Mars, it would be
a discovery equivalent in importance to finding grass-like objects or objects
similar to other common earth-like 1ife, No® only is the refrigerator an
unusual object by itself, it also implies the simultaneous existence of
other life forms. The refrigerator plays only one small role in the
ecological thermodynamics of the earth's surface, If found on Mars the
refrigerator (or refrigerator-liks ohject) would aiso presumably function
a8 only part of the ecological thermodynamics of the surface or Mars., The
refrigerator would presumably be found in conjunction with other lifa forma,
Automobiles and otier devices powered by heat sngines alisc satisfy

the thra

sneral iLhermodynsmic characteristics that are man-like, assuming the

m

work produced by these devices is used to create or maintain thermodynamic

order (low entropr )

interest if found elaewhere in the solar system., Devices operated by heat

in the eralogical thermodynamics
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such devices, it has been estimated that over the last 50 years the burning
of fossil fuels (about 30 percent being consumed by heat engines) has
increased the 002 ccutent of the atmosphere by 13 percent ( Bray,

1959)«

Objects even farther removed from what we ordinarily regsrd as living
can also satisfy these three thermodynamic criterions For example, consider
a 221t crystal growing in a shallow ocean bay where the water is continually
evaporated by sunlight thereby kecping the salt solution always saturated.
The salt crystal under these circumstancez is an arsi: system which consumes
sodium and chlorine ions and dissipates thermal energy. The crystal
maintains an internal state of low entropy, the entropy of the sodium and
chlorine ions being much greater in solution than in the crystal, The
saturated (or slightly supersaturated) salt solution provides the high
ubility energy necessary for crystal growth. The low utility energy
becomes dissipated as heat,

3 b I W, 1

ik from labling crystalis in a state of exchange

Tl 3 o~ L aelead PRy S
Wnile ons mighl si

t’.-

with their envirommeni as iiving, a numher of pertinent observations can

be mades Basically the structure of life,as it is now being reveaied by

P iy R SV U SRR, ST I U NP I P ~nmrmsnmTT oo - +
£00d <leciron micrograpns of iLhs smallsst organsliis membranss, is crystaline,
i.e,, is highly ordered arrays of molacules, (The protoplasmie zoup of 30

structure of life is the crystal, the life-like properties of the growing
salt crystal should not be discounted.

n important role in the thermodynamics of the
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earth's surface (e.ge., the growth of ice crystale). The process of crystal-
ization frequently envolves a reduction of entropy by concentrating one

compound which may have been originally extremely dilute in the environment,
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The process of crystal growth yields ore deposits which can be utilized by
man a3 well as other life forms, Crystals may thus be likened to homot:ophic
organisms which provide food for heterotrophic organisms,

The process of growth and the ability to reproduce by growing on seed
crystals are certainly life~like properties, If one is to conjecture about
the evolution of complicated life forms from inanimate beginnings, one is
forced to consider the crystal as a.mosb likely forebearer, he existence
of certain chemidals in the environment sich as daminc acids is the first
stepy but the next step is necessarily the structural arranysaen: of these
chemicals in ordered arrays. The competitive crystalization (and or
polymerization) of these ordered arrays from the primordial soup msy then
be envisioned as favoring the more complicated siru:cures which have evolved
into present-day life,

The envirommental conditions which permit a crystal to grow ar= the
conditicns which permit the system ic decrease in entropy. Envi-.rwuents

which provide the opportunity for entcopy reduction are rare. Sir-:-

. . .
oerdinary life forme can only exist in entropy reducing enviroam : .. a
[ET TIPS SN -Vd cenmmand . - e > - !

ZXOwWiig Baib Grysval arisss from procisidy the same basic thw cngmio

corditions as support ordinary life forms it may there’ . . be expected
that crystal growth may compete both for high utility ener¢y and certain
chemicals with ordinary life forms,

All of these important similarities between a growing crystal and
ordinary 1ife forms, besides the conformity with the general thermodynamic
definition of living ob jucls, indicate the usefulness of including the
growing crystal among iiving oujecis,

If the surface of Mars possesses growing crystals, this is thermodynamically

quivalent to Mora pogsessing any form of life,
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The usual approach to the search for life in the solar system is based
upon a stetic derinition or concept of life. It is usually assumed that
carbon compounds are a necessary ingredient of life, According to this
definition life will only exist where the appropriate carbon chemisiry can
exist, Unfortunately this criterion or definition of 1life does not tell one
either the thermodynamic role that a living object is likely .o nlay in the
environment or how the living object is likely to behave, It is easy to
concelve of an obje.t that could be manufactured to look and act like a man,
but would, in fact, be composed of metals and would be powered by electric
motors or internal ccmbustion engines, The fact that such a rooot or
mechanical android is conceivabla indicates that the gross external bshavior
of an_object neéed have little to do with 3tz internal chemical compositicn.
The generél dynamic definition adopted here immediately singles out those
objects that are of interest by virtue of their unique behaviori it is imdependent

of any particular internal structure, When attempting to cope with a

-«
-

—everri.ding importance., Its internal chemistry is largely a matter of
indifference., A fresh cadaver being comprized o1 exactly the same compourds
as the living man still lacks the dynamic features which would be necessary
to may that ik s alive.

It is fremently claimsd thal carbon chemistry is requisite for life,
because only carbon chemistry can provide the recuizite complexity. But
ordinary life forms, in agraement with the general thermodynamic definition

of life adopted here, are comprized of compounds of low entropy which were



TR

[

R o o0l BB .- 8 B X BERR G S . K Edy e n @l - E

Zerived from compowrds of nugher entreuy in the environment., This means
that life produces simrler systems rather than more complex systems,
Thermodynamically the microstate of a system is specified when the position
and momenta of all of the atoms comprizing the system are specified, The
greater the thermodynamic order, the lower the entropy, and the fewer siate-
memts are neixdea tc specify the microstate of the system., For example, the
microstate of a pure crystal may be specified by the lattice spacings, the
crystal orientation, and position of the crystal, the position (neglecting
small oscillations) of each of the atoms being thereby specified, If the
same ztoms were in s gaseous state the position and momenta of each atom
would have to be specified independantly to specify the microstate of the
system, Thus, mﬁcroscopically or thermodynamically a2 crystal is a simpler
system (it requires fewer statements for its microscoric specification) than
the same atoms in the gaseous phase, In generzi a lower entropic state is
thermodynamicaily simpler, The assumption that life requires a complex
chemistry is contrary to the direction of behavior of living systems, It
is conceivable that an alien life form having no carbon atoms and being
quite simple in structure could replace and elim:nate man if such alien life
were capable of preempting the available supply of high utility energy. The
argunent for complexity being/gzgzﬁius, there is no neea to assume carbon
chemistry for life,

It may also be noted that compiex carbon chemistry can occur in nature
wit'® sut the apparent intermediation of iife (at least, in so far as it is
known on the earth), Carbonaceous metéorites have been found to possess
extremely complicated aromatic hydrocarbons which could net have arisen as

products of life chemistry as it is known on the earth (Studier, et al, 1965),.



The stipulation that life be composed of carbon compounds or any other
particular compounds is a micromorphological specification which is quite
comparable to ascribing life to & statue merely because it has the macro-
morphological approximation of a man, The most basic characteristics to
differentiaste life should be based upon the thermodynamic behavior of an
object., The thermodynamic behavior ol an object indicates the potential
dynamic relationship that man may have with the object. Objecis which
utilize high utility energy sources to maintain internal states of low
entropy are potential threats to man's survival in the sams environment.
Such objects might be able to compete vgith man for the energy supply
available, Such objects,on the other hand,may be useful sources of high
utility energy. In either case man's survival in an alien environment
will depend upon the life (as defined here) which is already in the en-
vironment,

Another characteristic which is frequently proposed as a defining
property to distinguish living objects from nonlinving objects is the
specification that living objects self replicate. This critedon is broad
enough to include some crystals that need a seed, nuclei, germ, or information
from a parent crystal in order to reproduce. For example, in World War I
the Americans were initially unable to synthesize trinitrotoluene (TNT) in
crystalline form; it remained in a liquid phase., It was only after
erystalline TNT from a dud German shell was imported into the United States
that it was possible to manufacture crystalline TNT. Today there are
enough nuclei in the air at all times to produce crystaline TNT with ease.

This definition fails, however,to include virus, since virus do not
self replicate. A virus particle carries information i.ito a host cell.

The host cell then acts 33 a factory which manufactures the new virus



particles, The dc®inition also fails to include such thermodynamicaliy
interesting objects as automobiles or refrigeiators, While antomobiles
and refrigerators do not carry the information for their own reproduction
as do crystals, virus, and cther life forms, they ars repraduced,
Automobiles and refrigerators are reproduced in factories where the
irformation for their manufacture is psrmanently stored.

Even if the self replicating property were a2 good criterion for
differentiating living objects from nonliving objects (which it is not),
the triviality of the property seriously detracts frum its usefulness,

If we again conceire of a robot that is constructed of metal and electric
motors and that behaves like a man, the question of whether or not this
object self replicates or is reproduced in a factory becomes purely academic,
One will be usually conccrned with how the object behaves, How it was
manufactured or brought into being in the first piace is of quite secondary
importance, The detailed nature of the reproduction of life should not

te chosen as an important feature to delineate living objects from nonliving
objects,

While the general thermodynamic definition of life adopted here appears
to neglect many of the secondary features that we associate with life, many
of these secondary characteristiocs can be shown to follow from the definition,
For exampls, in the process of creating compounds of lower entropy there is
a process of growth or an increase of biomass, The decrease in the entropy
of the earth's surface with geologic time is in part effected by life tending
toward an increased biomass, In general it may be expected that the growth
of a single object will be limited due to the exhaustion of appropriate
compounds in the immsdiate neighborhood of the object together with limited

transport cf compounds to the object or will be limited due to a variety of



circumstances, The tendency for an incresse in bicmass must in general be
reflected in the growitnh of a number of identical objects. The death or
decay of the objecie will then give rise to new objects, The nrocess of

replacement and growth,which can be called reproduction, should therefore be a

characteristic of all forms of life, Man, virus, automobiles, and salt
rrystals are all reproduced (even though they are net reproduced by the
same mechanism),

Motility is another secordary characteristic of life which may be
deduced from the gensral thermodynzmic definition adopted here. Since the
living process involves a procevs of inoreasing thermodynamic order, randomly
arrgyed atoms must be selected from a large volums'of the environment and
converted into interna) ordered arrays in a small volume, This means that
atoms must be moved from the random sites to the sites where they are
organized into ordered arrays., There rust be material transport in order
for compourds %0 be converted from states of high entropy to compounds in
states of low entropy. Since mass transport is requisite for grewth,and
therefore life, it may be expected that life forms will evolve which will
enhance mass transport. The occurrence of cilia which move fluids at a
faster rate than provided by natural diffusion is an example ;)f such
specialization, Thermndynamically the organism moving the fluid is equivalent
to the organism moving itself through the fluid, Therefore, motility is
expected to be a frequent evolutionary specialization as implied by the
general thermodynamic definition of 1life, Living objects need not, however,
be motile; they can depend upon natural transport processes such as provided
by the wind or diffusion of salts in solution,

It should be noted that the general thermodynamic definition of life

adopted here, being a dynamic concept, iz not dichotomous, The definition
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iniriies a continuous gradation from a state of grecter 1life (or faster living)
to a state of lesser 1life (or slower living) to a state of no life (or zero
rat~ of living)., For example,a salt crystal growinz at a fast rate is more

ive .an a salt crystal ~rowing at a slow rats. If the salt crystal is

<.

not growing at all, then it is in a state of no life., It is simiiarly possible
to define various states of dcath/:zp:yréggg upon how fast the salt crystal
is dissolved away. Accord’ng to the present thermodynamic definition an
amoeba while frozen in ice for thousands of yezrs is not alive, since it is
not an open thermodynamic system and it does not dissipate high utility
energy to low uhbility energy. If such an amoeba (as may actually be found
in the Antarctic ice pack) is thawed out it will again carry on its usual life
processes., It proceeds from a state of zero 1life to a state of active lifs.
Those who use a chemical-or micromorphological definition of life iight prefer
to say the frozen amoeba was alive, Here, however, the fYozen anoeba merely
possesses the potential for life and cannot be said to be alive,

Systems or objects which possess the potential for 1ife while in a state

of zero life are, quite obviously, of great interest,

SOME THERMODYNAMIC BACKGROUND

One of the more significant characteristics of ordinary living organisms
as known on the earth is their ability to create and maintain an internal state
of entropy lower that the entropy of the same elements in the usual environment
(Schroedinger, 1956; Asimov, 1962; and Pardee and Ingraham, 1960), Since
most physical systems in nature when left to themselves proceed with time

toward a state of thermodynamic disorder or high entropy, only very special



snvironmental conditions are anmnatible with the thewmod—mazic ordering
behavior of living systems, It is svidentiy by virtue of ths continual
dissipation of energy that living organisms can create and maintain
internal states of low entrcpy. They take energy of high utility (a large
fraction of such energy may, in principle, be converted to mechnical work)
and convert it to energy of low utility (only a small fraction of such smergy
may, in principle, be converted to mechanical work). For exampls, green
plants dissipate the high utility energy of sunlight by converting it into
low utility thermal energy (neglecting the small fraction whick becomes
stored as chemical energy). In this way green plants convert gaseous COz
and liquid H O, which have high entropy, into solid cellulose which has low
entropy. They also reduce the entropy of ths atmosphere when the 0,033

percent of 002 is aseparated from the remaining constituents of the atmosphers

{(the entropy of mixing).

Second law of thermuiynamics

Thesecond law of thermodynamics (Sears. 1953a) states that the net

change of the exntropy of the universe for a given process never decreases,
dS(universe) > 0 ,

where S is the entropy and the equality holds for reversible processes only.
In order for living organisms to decrease the entropy of the materials
taken from the enviromment and included within theiy bodies, the remainder
of the universe mustsuffer a correspondingly lerger increase in entropy;

from Eqe.(1) this means
-~ dS(internal to usganism) «& dS(uriverse external to organism) .

An important conclusion may be drawn from Eq.(2): the larger the right

16

(1)

(2)
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side, the larger the lefi side can be potentially. Thus, the larger the
increase in the entropy external to the organism, the greater the potential
the organism has for creating thermodynamic order internally, It may be
ce~nrluded that ordering processes, including life, will arise only in
environments that are increasing the entropy of the universe, The
environment that produces the grsater time rate of increase in the entropy

of the universe (the entropy production) will provide the greater potential

for ordering processes such as life to occur.

Entropy production of planets

A closed system cannot increase the entropy of the universe indefinitely,
80 that a closed system will not be abls to support life indefinitely, The
surface of a planet is an open system supplied with high utility solar energy
which is reradiated as low utility thermal energy. The surface of a planet
increases the entropy of the universe at a steady rate, Radiant energy, dQ,
that leaves the surface of the sun decreases the entropy of the sun by the
amount - dQ/Tl where Tl is the effective surface temperature of the sun,
This radiant energy leaving the sun carries away an equivalem: amount of
entropy (Epstein, 1937), in order for the second law of thermodynamics to be
satisfied for the reversible radiative process (Eq.(1l) with the equality).
If this radiant energy is absorbed by a planet an equivalent amount of energy
is reradiated in order for the planet to maintain thermal equilibrium, The
energy reradiated will be at the temperature T2 of the planet's surface. The
energy passes into deep space carrying an entropy dQ/Tz o« The planet, thus,
converts radiant energy from the sun carrying entropy of the amount 4Q/T; to
radiant energy passing into deep space carrying entropy of the amount dQ/Tz.

The net entropy production (net increase in the entropy ¢f the universe per



unit time) by the planet is then

ds _al1 1 (
a‘g(universe produced by planet) S kTZ Tl) o (3)

Since the surface of a planet increases the entropy of the universe
with time, according to Eq.{(3), the surface of a planet has the potential
of becoming more ordered with time. In particular, writing ths second law,

Eq.(1), in the form
dS( int dS, ..
- & ernal to planet) < E{_‘-(universe externa. to planet) (&)

where the inorease in the entropy of the universe external to the planet
may be ta.k_en as Eq.(3), it becomes apparent that the entropy of the planet
has the potential of decreasing with time,

Examining the earth about us there are many imdications that the earth
is becoming more ordered with geologic time (Gutenberg, 1951). There was
a vast decrease in entropy when the sarth condensed out of the n»rimordial
gas cloud., The separation of the compounds forming the crust, mantle, and
core represent another vast decrease in entropy. The lithosphere appears
to be separated into highly differentiated deposits: of compounds compared
with the relatively homogeneous underlying basaslt. The separate derosits
of limestone, salt, iron oxide, coal, etc. represent a decrease in entropy.

These deposits appear to have arisen from both organic and inorganic processes,

Energy dissipation and entropy

The present investigation,being concerned with dynamic (time dependent)
processes, 1. faced with the problems of irreversible thermodynamics
Onsager, 1931; Prigogine, 1955; and de Groot and Mazur, 1962) as oppcsed to



.

ordinary thermodynar cs (or thermostatics) where time is not treated

explicitly., The relationship between the internal entropy of a nonisolated
system and the vzte of dissipation of energy is an important relationship for
living systems (Bertalanffy, 1950), Not only does the internal state of low
entropy that each organism enjoys depend upon upon the rate at which it can
dissipate energy but the low entropy of the entire biosphere depends upon the
rate at which the biosphere dissipates snergy.

The essential characteristics of a system thai maintains an internal
state of low entropy by dissipating energy is provided by the example of an
ideal gas conducting heat between two plane boundary surfaces a distance b
apart, one surface being maintained at temperature T  + AT and the other at
a temperature To- AT, When the gas is at a uniform temperature ‘1‘o the
entropy, So’ per unit area of the boundary surfaces, as given by the ideal

gas formula (Sears, 1953b), is

S, = C,InT_  , (5

to within an additive constant where cv is the heat capacity at constant
volume per unit boundary area.

Letting the distance normal to the boundary surfaces be designated by
x, the left-hand boundary at -b/2 is maintained at the temperature To *+ AT,
and the right-hand boundary at +b/2 is maintained at the temperature

T, = AT, The entropy per unit distance (and area) may be written as
as/ax = (C,/0) In :(x) (6)

where in general T may also be a function of the time t. Assumning the
thermal conductivity of the gas does not change with temperature (the total

range of temperature being maintained small enough) the steady-state
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equilibrium temperature will be a linear function of the distance between

the boundary surfaces; in particular,
T = T - 20T xp , n

Substituting Eqe(7) into (6) yields the stsady-state value for the entropy

por unit distance (per unit area)

(as/ax), = (C_/b) In(T, - 24T x/6) . (8)

Integrating Eq.(8) yields the total ste-dy-state entropy per unit areas,

S8 = C,InT =~ C_ {1 + (1/2y) ln[(l-y)/(l-by)] - 3 ln(l—yz)}
2 4 6 1 (9
= - + L + + ¢ o o
cv 1n 'ro cv{%':f 45 %ﬁ _} !
where y = AT/‘IO. Comparing £qs.(5) and (9), it is clear that the entropy
of the gas is less than it would be if no heat were flowing.
A number of interesting observations msy now be made concerning the
steady-state equilibrium of this simple system, The greater the temperature
difference maintained, the lower the entropy of the gas. The rate that the

system dissipates energy per unit area is given by
dQfdt = 200ATA , (10)

where 0 is the thermal conductivity of the gas, From Eqs.(10) and (9) it
may be concluded that the greater the dissipation of thermal energy, the
lowsr the internal entropy that can be maintained,

The entropy production ray be computed by noting that the heal source
on the left experiences a decrease ir entropy per unit time (per unit area)

of the amount -(TO + AT)-ldQ/dt, while the heat sink on the right experiences
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an incresse in entropy per unit time of the amount +(TO - CST)'ldQ/dt , the
net increase in the entropy of the universe per unit tims (per unit area)
being
(L), - S24L 4 . iC (an® (11)
8

Ti - (AT)2 dv b Ti - (AT)2

Solvirg Eq.(11) for y = AT/T_ in terms of (dS/dt) and substituting into
Eg.{9), it may be saen that the greater the entropy production,the lower the
entropy that can be maintained internally. In particular, for small y Eq.(9)
yields

8, = C, InT - (Cb/20 )(as/dat}, . _ (12)

This simple example illustrates many of the essential thermodynamic
characteristics of both a asingle living organism and the environment in

which it lives,

Internal entropy changing with time

Since the surface of the earth is evolving with geclogic time, it is not
quite in steady~state equilibrium, Similarly, a growing organism is not
quite in steady-state equilibrium, These systems involve a slowly varying
transient change in internal entropy.

An extremely simple example of such a non-isclated system undergoing
a transient change in internal eniropy is provided by the above example of an
ideal gas conducting heat between two plane boundaries before the gas has had
time to attalin steady~-state equilibrium, To find the temperature of the gas
between the infinite plane boundaries as a function of position and time the

appropriate equation (assuming a small total range of temperatures) is the

a



diffusion squation,
T/t - 1:32‘1.~/a:c2 = 0 , (13)

where the diffusivity, k, (Joos, 1934) is defined by k = @/pc where P
is the density and ¢ is the specific heat at constant volume per unit mass,
Assuming an initial state of steady-state equilibrium, the temperature
being specified by Eq.(7), it is of interest to inquire into the change in
the internal eniropy with time when the boundaries are suddenly changed and
maintained at new temperatures, T o + A,'I'z on the left and To - AT2 on the
right, The differential equation (12) ie to be solved subject to the

intial temperature distribution given by
T o= T - 28Txp 4 (AT, - AD[1-ulx+b/2) - u(x-b/2)] , (W)

where u(x) is the unit ster function , 1 for x 2 0 and O for x < O,

The solution of Eq.(13) subject to the initial condition, Eq.(14) may be
taken as the final sieady-state solution {Eq.(7) with AT2 replacing AT)
plus an appropriate transient solution that vanishes as t ¥ o0, Assuming
that T may be written as the product of a time function and a space funétion
and expanding the space function into an odd Fourier series {(Morse .nd

Feshbach, 1953), the solution is found to be
)

2.
T = T, - 28T, xpb + %21_‘{2(-1)“231‘ + (471, - A’l‘){(-l)n
= (15)

- cos(nﬂ'/2)]} n’lsin( nwx/b) oxp(—:. kint /b)zt] .

The important characteristic of thLs transient part of this solution,
Eq.(15), is the exponential time decay. Whether the new AT2 is greater
than or less than the original AT, the solution groceeds monotonically to

its final steady-atate temperature distribution, If the temperature difference
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is increased the entro;zy of the gas decreases, I1f the terperature difference
8 decrsesed the entropy of the gas increases, The monotonic charaster

of the time variation of the internsl entropy (neglecting microscopic
flucteations) i, this example msy be assumed to be valid in general for any
non-isclated system proceeding toward steady-state equilibrium, since it may
be shown that the steady-state equilibrium is a state of stable equilibrium
(Prigogine, 1955), This means that if the entropy of the surfane of the
earth is decreasing with time (as appeare to be the casa), then it has been
decreasing for geologic times in the past and will continue to decrease far

into the future until a final steady-state equilibrium is attained.

Utility of energy

Since energy must be conserved according to the first law of thermo-
dynamics, dissipation of energy merely means the conversion of enargy from
a state of high utility to a state of low utility. The concept of the
utility of energy, thus, becomes very important, It is the measure of the
value of a unit of energy and would presumably determine the economic price

of a unit of energy. Here the utility of energy will be precisely defined

a8 the ratio of the amount of energy that in principle could be converted to
mecnanical work to the total amount of en?' g;wailable. Since the total
amount of energy that can be converted to useful mechanical work is always
less than or equal to the amount of energy availahle, the utility of energy,
‘rl » will 1lie between zero and unity, According to this definition, the
utility of mechanical work is unity and is therefore valued the most.

The energy stored in many mechanical systems has a utility of unity,

since it may all be resovered as useful work. Such sources of maximum

utility include the kinetic energy of a moving macroscopic body, gravitational



potential energy, electrostatic potential energy, the potential energy of
deformation of a spring (neglscting internal friction), stc.

For statistical processes the amount of energy that can be convertzd to
useful mechaniocal work is necessarily less than than the total amount of
energy available {Sears, 1953a). For exawple, the utility of thermsl energy
at a temperature T (in degress Kelvin) may be taken as the efficiency of a
Carnot engine (Epstein, 1937b) operating between this temperaturs, T, and

some infinite heat sink al a temperature T ; thus,

From this exprsssion it is clear that the higher the temperature T, the
higher the utility of the source of thermal energy. The temperature T 6 may
be chosen as any convenient rsference temperature (eg., 2000).

Tn an isothermal process tha work done by a system equals the decrease
in the Helmholtz free energy, dW = - dA (where A = E - TS where¢ E is the
internal energv.and.8 is the antropy). In an isobaric process the. heat
evolved (heat of reaction) equals the increase in the enthalpy, dQ = dH
(where H = E + pV)., The utility of the energy re.eased by a chemical

reaction performed at constant pressure, p, and temperature, T, hecomes

M o= dWAQ = - (da/aH), 17)

p ?
(Rossini, 1955).

Tt is important to note that the utility of energv only has meaning

within the context of the prescribed conditions for conversion of the energy
to useful mechanical work. The above examples, Eqs.(16) and (17) are the
utility of the energy for processes carried out infinitely slowly. Thess

examples are valid only within the thermostatic context. In general for
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processes carried out at a finite rate the utilities will be smzller,

Maximum efficiency of conversion of heat to work st a finite rate

Investigations into time rates processes or irreversible thermcdynamics

(or simply thermo@zggnics) have been largely limited to the investigation of

simultanecus diffusion procssses, For example, the diffusion of electric
charge through a conductor together with the simultaneous diffusion of heat,
Little progresz has been mads beyond Onsager's original paper (1931)., Since
many of the irreversible processes of interest here do not explicitly involve
diffusion processes, the work of Onsager is not particularly applicabls,

A problem of great interest in irreversivle thermcdynamics, and of particular
interest here, is the problem of finding a realistic upper 1imit (or upper
bound) for the officiency of conversion of heat to work at a finite rate
(eg., Green, 1963; Osterls, 1964; and Kayan, 1964).

A Carnot heat engine is a theoretical device whose efficiency, Eq.(16),
is attained only under the assumption that &1l processes are carried out
infinitely alowly, i.e., thermostatically or reversibly. Because of this
requirement, a Carnot engine of finite size delivers infinitesimal or zero
mechanical power, The efficiency of the Carnot engine, therefore, does not
represent a realistic estimate of an upper bound for the efficiency of
conversion of heat to work at a finite rate. The efficiency of the Carnot
engine, while useful for establishing the second law of thermostatics and for
deducing possible internal thermostatic states of systems, has little direct
bearing upon the problem here of finding a realistic upper bound for the
power efficiency of actual heat engines which operate at a finite rate,

From the second law of thermostatics it is deduced that it is impossible

for any heat engine (operating either fifinitely slowly or at a finite rate)



to excesld the efficiency of a Carnot engine. The efficiency of the Carrot
engine, therefore, does in fact provide an upper bound for the power efficiensy
of actual heat engines, Unfortunately, this uppsr bound is mwuch too high

to be of any real significance. As will bs shown, the maximum >Hwer
efficiency (the time rate of delivery of mechanical work to the time rate of
consumpticn of thermal energy) that can be attzined is far less than the

thermostatic efficiency of the Carnot engine,

Jdeal heat engine operating at a finite rate - To obtain « smaller and
more realistic upper bound fcr the powsr efficiency of actual heat engines an
idealized device may be considered which when operated at a finite rate will
yield the greatest efficiency conceivable, Such a device must have the fewest
possible irreversible losses, in order for the power efficiency obtained to be
an upper bound for all aetual heat engines,

The idealized device must also be sufficiently simple so that the
efficiency obtained will be a funotion of the .ature of the source and sink
without reference to internal design pasramsters, In this way the ideal
power efficiency obtained will remain an upper bound for all actual haat
engines independent of the particular internal design of ths actual heat
»ngine,

These requirements lead to the particular idealized device represented
within the dashed lines in Figure 1., This ideal heat engine consisfs of
a reversible heat engine (Carnot engine)operated in competition with a
parallel irreversible heat loss for the thermal energy provided at a finite
rate, In particular, this ideal heat engine is assumed to be operated under
the following conditions:

1) Heat is supplied at a fixed finite rate, § .
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Figure 1. Ideal device (contained within the dashed lines) operating at a
finite rate between a finite source and an infinite sink which consists of
a reversible heat engine together with an irreversible heat loss through 2

shunt (shaded area). Symbols are defined in the text.
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hs sourcs, Tl, is not prescribed initially.

3) Heat is lost at a finite rate, Q', directly to an infinite sink
(maintained at the temperature To) through a loss machanism that
bypasses the reversible heat engine,

L) The reversihle heat engine (the circle in Figure 1) is assumed to operate
reversibly at all finits rates; so that 51/50 = Tl/To, where 61 is
the rate heat is delivered to the reversible engine and éo is the rate

that heat is rejected by the reversible heat engine,

N i

£

®
The rats that healt is lost directly to the sink, Q', through the loss

W

mechanism is assumed to be & linear function of the temperature

difference between source and sink, Q= K(Tl - To) o
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flows to th- reversible heat engine and 60 is the rate that heat is rejected
to the infinite sink, then the rate that mechanical work is performed is given
by

W= Q- T /1) (18)

according to Eq.{16) and assumption 4) above, From the conservation of
energy the heat delivered at the finite fixed rate é must equal the sum of

the heat delivered to the reversible engine plus the heat lost directly to the
sink,

¢ = Q& + Q. (19)

From assumption 5) above the irreversible thermal loss directly to the sink is

proporticnal to the tempersture difference,

d' = K(Tl - TO) . (20)
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The efficiency cf the device for any temperature of the sourcz '1‘1 may be

found from Eqs.(18), (19), and (20) by eliminating 61 and Q'; thus,
M o= WA = [1 - @A - T - T (21)

To obtain the maximum power efficiency Eq.{21) may be differentiated

with respect to T, and set equal to zero to yield the optimum operating

1

tvemperature, T, = T_ whers
N
T, = [, + )7 (22)

Solving Eq. (22) for K/Q and substituting into Eq.(21) yields the
desired maximum efficiency in terms of +he optimum temperature T,

N = (T, = TINTy+ T) (23)

The remarkable feature of this result is that it does not depend upon the
detsiled nature of the idealized device, The maximm efficiency depends
explicitly only upon the nature of the source and sink as indicated by the
iwo parameters Tm and To. It is, of course, implicitly assumed that a
parallel irreversible thermal loss varying linearly with the difference in
temperature between the source gnd sink doés exist,
Comparing this result, Eq.(23) with the efficiency of a Carnot engine, Me? Eq.(16
operating between the same two temperatures, it is apparent that the
efficiency of the ideal device operating at a finite rate is much less; thus,

M = N/(2-M) < v, ()

For high temperature sources where ?c ~» 1 the maximum efficiency for the
ideal heat engine operating at a finite rate approaches that of the Carnot
heat engine., For low temperature sources where 770-* O the maximum
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efficiency for the finite time rate of conversion of heat to work becomes
just one Lialf of the Carnot efficiency.

It may be noted that for the idealized device considered here that the
source temperature rises to a pssk value Tp when the reversible heat engine
is disconnected. Ordinarily the peak temperature cannot ba obtained in
factjsince mechanisme,not conesidered hers,usually come into rlay to limit
the peak temperature that can bs obtained., It may be noted that this
parameter ’rp from Eqs.(20) and (22) becomes

. 2
T,= UK+ T, - /T, o (25)

Plausibility argumemts indicating *hat no actual heat engine can exceed
the power efficiency spscified by Eqe(23) =~ The idealized device diagrammed
in Figure 1 would be of little intarest except for the essentlal point that
it suggests that no actual heat engine can have a power efficiency that is
greater, To indiscate that Eq.(23) probably i an upper bound for all actual
heat engines the five assumptions presented above concerning the operation of
“he device will now be considered in some details

Assumption 1) that thermal energy is supplied at a finite race is a

requirement that is valid for all astual conditions as they exist in the real
world for actual heat engines., [Even if energy is extracted from a large or
almost infinite source (such as the warm surface waters of the océan) the
actual device that can convert this energy into mechanical power can only be
of a finite size, so that the time rate that heat can be delivered to any
actual device necessarily remains finite, (The choice of a fixed rate,as
opposzed to a variable rate, is merely to properly normalize the conditions
for computing the maximum power efficienay.)

Assumption 2) that the source temperature ‘1‘1 is variable and assumption :2}
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that there are thermal iosses directly to the sink is in accord with the
observed facts that sll actual heat sources remain at finite temperatures
less than some theoretical maximum and all actual heat engines will have
irreversible heat losses which do not contribute to the production of

mechanical work, If no loss mechanism allowing heat to be lost directly
to the sink were provided, then a finite time-rate of delivery of thermal

in the

[+ 1]

energy as required by assumption 1) would resuli in a steady ris
temperature of the source when the reversible engine was disconrertdd,

Then this idealized heat engine without the thermal shunt could have a.
source temperature indefinitely high and 100 percent of the energy could

be converted to work, Assumptions 2) and 3) are, thus, necessary if the
source tempersturs is to remain finite and assumption 1) is to remain valid,

Assumption 4) states that apart from the heat energy lost directly to

the sink, bypassing the reversible heat engine, there are no irreversibvle
losses assumed, The impossibility of operating a reversible heat engine at
a finite rate does not concern us here, since only an upper bound is sought
and irreversible processes are considered apart from the reversible heat
engine, Assumption 4) means that,apart from the shunt representing
irreversible thermal losses directly to the sink, the ideal device may be
specified without specifying detailed internal dasign parameters, This
ideal model of a heat engine operating at a finite rate, therefore, yields

a power efficiency that depends only upon the nature of the source, sink, and
the shunt, Assumption 4) indicates that the efficiency of this ideal device
serves as an upper bound for all actual heat engines operating at a finite
rate independent of the internal design parameters of the actual heat engines,

Assumption 5) that heat is lost directly to the £ink as a linear function

of the temperature difference between source and sink is the simplest functional
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relation that can be assumed. HMHost actual thermal losses are, in fact,
linear functions of the temperature difference betwesen source and sink to
an excellent first apmoximation, Since actual thermal dissipetion ocours
more rapidly than provided for by a linear relation (ses Figure 2), the
linear assumption provides for the least possible irreversible dissipation
of heat, making the presant model device more efficient than any actual heat
sngine opsrating at a fintbs rats.

When heat is lost by ordinary comduction through solids, liquids, or
gases, the linear relationship is reasonably good, When heat is lost by
conveotion the linear relationship also applies reasonsbly well, When
heat is lost by radiative transfer the rate of loss is proportional to the
difference in the. fourth powsr of the source temporature and the sink

temperature; thus,

[ k l}

2. .2 ‘.
Q' oS¢ T - T, - (1] + T, + T )Ty = 7)) (26)

where it is seen that the radiative heat lossss may aleo bs regarded as a
linear function of the temperature differsnss, the comductivity increasing
as the third power of the temperature,

To show that the linear relationship provides a amaller loes than would
be found in any actual heai engine the temperature variation of thermal
conductivities may be considered, An inorease in the thermal conductivity
with temperature leads to a higher thermal loss than would ococur for a
constant thermal conductivity as assumed here for the ideal device, A
decrease in the thermal conductivity with an increase in temperature would
appear to lead to lower thermal lossesj but matarials.whose conductivity
decreases with temperaturs are those with very large thermal conductivities
at low temperctures (Zemansky, 1943)3 and such materials would praduce. losses
far greater thun nesd be as.umsd for the ideal device, Similacrly it is found
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Figure 2, A qualitative sketch showing that the linear idealized curve

a) falls to the right of all actual curves of thermal loss for a given

rate of energy loss, Curve b) represents loss through an insulator; c¢)
through a gas; d) by convection; e) by radiative transfer; and f) by metalic
conduction. The actual curves,falling to the Yeft of a), means that all
sotual heat engines will operste at a lower cutimue tempersture rm ard will
have a lower efficiency thau the idealized device corsidered here,
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that losses due to convuc.inn i 2rease faster than the first power of the
temperature difference., Figure 2 is a qualitative skstch indicating that
the linear assumption leads to a thermal loss lr.ss than would be experienced
by any actual heav engine, provided only that e sufficiently small value of
the thermal conductivity is assumed (or a sufficiently large temperature Tm N
Eq.(22), is chosen), While this indicates that the norrect functional
relationship betwesn source and sink has been chnsen for the ideal device,

it does not indicate the value of Tm that should be used,

Ideal combustion engine operating at_a finite rshe_ - To further
indicate the generality of the upperbound efficiency given by Eq.(23) an
ideal combustion engine may also be considered., Figure 3. represents svsh
an idesl combustion engine )perating continuosiy at a finite rate, A
combustible mixture of gases at the slil: temperature To is fed at a constant

rate,
m = evA . (27)

where # is the density of the gases, v ia the velocity, and A th. cross-
sectional area of the intake pipe, into a heat exchanger where it is preheated
by the exhaust gases to the temperature Ta' The gases are then burned

isobarically in the combustion chamber at the higher temperature T The

10
combustion represents a finite rate of heating,

Q = mh, (28)
where h is the mass specific heat of reaction or change in enthalpy., Heat
is simultaneously extracted from the hot gases at the same temperature T at

1
the rate 51 by a reversible heat engine (which is again assumed to be abls to
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Figure 3. An ideal combustion engine operating continuously at a finite rate
which consists of a reversible heat engine together with a combustion chamber
and heat exshanger, . Jrreversible heat losses occfy d4h the heat lest in

the hot exhaust gases, Symbcls are defined in the text.
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operate reversivly at a nonzero rite), The exhaust gases are than passed
through the heat exchenger and are finally rejected at the lowar temperature
T,

An infinitely long heal exchanger would allow the exhaust gases to be
the same temperature as the intske gases, T! = TO, and Ta would equal Tl’

In this case the exhaust gases could not provide energy for further work,
the exit pressure being the same as the pressure throughout and presumably
equal to the atmospherisd:mressure, 1In this case all of the energy
provided by combustion, a, passes to the reversible heat engine, and the
efficiency becomes just the Carnot efficiency, It is asaumed that there
is no kinetic energy of flow in the gases of the system,

Similarly, if the flow is assumed to proseed infinitely slowly so that
thermal equilibrium could be established across each portion of the heat
exchanger, then the exhaust temperature would again be Ty and the efficiency
would again be the Carnot efficiency, Eq.(16)e In this case of infinitely
slowly flowing gases, v = O, the rate ai which heat can be added, é, Bqs.(28)
and (27), to a finite engine must go 10 zero and the power output & goes to
zero, even though the work efficlency goes tc a maximum,

For a fixed nonzero rate of adding heat é and a finite real heat
exchanger the rate that heat é' is rejected by the hot exhaust gases will
remain greater than zerc, To esiimate é' it may be noted that the net
energy added to the gases between the intake into the combustion chamber

and the exhaust into the heat exchanger is

© L L

Q- Q = a1 - 0Ty, (29)

¢ T
pl 1

assuming the gases to be ideal, and where c 1
for the P

capacity at constant pressure/exhaust gases and cpa is the mass gpacifio

is the mass specific heat

heat capacity at constant pressure for the intake gases., Due to conservation



of mass m will be a constant at all points., To simplyfy the ansiysis it

will be assumed that the ideal engine rums on gases such that

= = \!
°y cpa cp o (30)

From the fact that the total energy in Q goes into the reversible heat engine,

° o

Ql’ and into the exhaust, Q!', it is found that

Qo= Q v T, {51}
Combining Egs.{31), (30) and (29) then gives
Q' = m cp(T1 - Ta) o (32)
Comparing the exhaust gases with the intake gases, the net heat lost
in the exhaust gases is given by
) = > 1 . 3
G mcp(T TO) . (33)

Assuming that the temperature difference accross tihe heat exchanger is made
constant throughout its length, the rate of flow of heat gcross the heat
exchanger becomes

q, = BT, -T) = B(I'-T) = o e (T, ~T,) = m eIy = T 5 (34)

a

where the last two expressions are obtained frcm the increase in energy of

the intake gases and the decrease in energy of the exhaust gases as they

pass through the heat exchanger, and where B is a constant indicating the

total thermal conductivity in the heat exchanger (assuming a linear reiation).
Eliminating T, between Eqs.(32) and (34) or T!' between Eqs.(33) and (34)

the rate that energy is lost in the exhaust gases may be written in the form

Q' = K(Tl - To) » (35)



ig

where tha constant K has the value
L 2 2 ®
K = (m cp) /(m e, + B) (36)

Comparing the present Eqs.(31) and (35) with Eqs.(15) and (20) for the
previous ideal heat engine operating at a finitas rate, it is clear that the
conditions are mathematically ideintiscal. The optimum operating temperature
is again given by Eq.(22) and the maximum power d4fficiency by Eq.{23). The
optirmum operating temperature is again obtained by adjusting the power
consumed by the reversible heat engine. The fact that this particular
device can in prineciple run infinitely slowly at the maximum work efficiency,
i.e., at the Carnot efficiency, Eq.(16), (with zero power output) and also
run at a finite rate at the maximum power efficiency, Eq.(<3), (with a
finite power output) indicates the theoretical versatility of this idealized
dsvice,

It might appear that when the reversible heat engine is disconnected that

the temperature T_ could be driven up imdefinitely by making the heat

1
exchanger longer and longer {similarly to the previous example). Eventually,
however, the chemical process.z hecome endothermiz (the gases absorbing
ensrgy upon dissociaticn) and no energy will be obtained at sufficlently high
temperatures, The mass specific enthalpy change, Eq.(28) will go te zero

at sufficiently high temperatures. It might seem that isovolumic heating
would allow for higher final temperatures (since cp > e, the mass

specific heat at constant volume), This however is not the case,since the
isobaric heating {or combustion) takes place with sreater preheating of the
intake gases. The peak temperature that can be obtained, disconnecting the
reversible heat engine, will depend solely upon the chemical equilibrium

conditions,
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It remains to be showr that the rate of irreversible dissipation of
energy, Eqs.{35) and (36) is less for the present theoretical device than
for any actual heat engine operating at an optimal rate., For a fixed rate

of input of thermal energy, Q, ©q.(28), the cosfficient K may be written as
° 2/ , °
K = (Qc) /hQec_+ Bh) . (37
P/ p

The mass specific enthalpy is a decreasing function of the temperature, while
¢_and B are increasing functions of the temperature, While it is not

obvious that the ideal value for K can always be chosen less than actual

s, it appears reasonable, Moreover,all actual heat enginea will dissipate
kine .ic energy of flow, %e v2A = %rzz v; and they will not burn the gases to
completion, resulting in a loss in chemical energy in the exhuast gases,

é(ho/h - 1), where h, is the enthalpy change for the process going to
completion and h is the observed enthalpy change in an actual heat engine,

It appears safs to assume in the present example that no actual combusticn engins
operating at a finite rate will be able to exceed the maximum power efficiency

given by Eq.{(23),

Comparison with actual heat engines - It is of interest to compare ihe
efficiencies of actual heat engines with the maximum power sfficiency, 'Qm’

predicted by Eq.(23). Figure 4. shows this efficiency plotted as a function

of To/Tm" Also plotted in Figure 4. is the efficiency of a Carnot engine, ‘73, Eq.(16),
operating between the same two temperatures ’1‘m and To" This Carnot efficiency

is an upper bound on the efficiency of any actual heat engins operating at a

finite rate, since even operating at the optimal temperature Tm involves

irreversible losses, The maximum power efficiency, ‘q n? provides a smsller and

mere realistie upper bound for actual heat engines (&35 B1.{(24)).
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Actual heat engines are designed in such a way that even with ideal
operation of the engines infinitely slowly (with zero power output} the
afficiemcy could not approach the Carnot efficieacy. For example, if 2
steam engins is represented by an idealized Ra:'iine cycle operating betwsen
the boiler temperature of 205 °C and a condenser temperature of 3900, it
will have an efficiency of 30.6%, while a Carnot engine between the same two
temperatures would be 34.7%, Comparing the mechanical power output to the
chemical energy input a steam enginc coperating at a finite rate »~twsen these
temperatures might be expected to have an actual efficiency of at most about
124, This may be compared with the maximum power elZiciency, Nw Eq.(23),
for any heat engine operating at a finite rate bst = a these temperatures of
21.08. A ‘heat engine operating between the temperacures of 3(5°C and 2700,
values appropriate for a Diesel engine or steam turbine, the Carnot
efficiency would be 64% while the maximum power efficiency according to
Eq.(23) is only 47%. Diesel engines and steam turbines can operate around

30% efficiency with some estimates as high as 39%. Gasoline engines operate

From this analysis it appears that the maximum power efficlency, vlm, Eq.(23),
provides a more accurate upper bound for the actual power efficiencies of
actual heat engines, It may also be concluded that the primary reason for
the difference in efficiency between the Carnot efficiency and the actual
efficiency is the need to run the heat engine at a finite rate in competition

with irreversible heat losses,

& general theory_in support of -, Eg.(23),being an upper bound -
If the irreversible rate of energy loss 1s given by Q' I * any heal engine

operating at a finite rate with a constant input Q, the power efficiency

becomes
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M o= WA= (GADQ/Q = M (- /), (39)

where él-is the heat energy used reversibly, Eq.(19) or (31), for ¢xample, and
-Qc is the reversible or Carnot efficiency Eq.(16), This result Eq.(38)
is prenrisely correct, since it may be used vo define what is meant by the
irreversible heat loss é'.

For an infinite sink at the temperature To and all parameters held fixed
except Tl the temperature of the source (which may be altered by changing él)’
the irreversible heat loss é' becomes a function of Tl. This function may

be expanded as a power series about the sink temperature To; thus,

o0
> ' n
RN IR AL AL (39)

&0

Since the irreversible heat uissipation must go to zero as T. -> To’ the

1
zeroth term in Eq.(39) must vanish, the series starting with the first power
lnTl -TO.

Now if

o0
' mo_ KT, -T) + N K (T -TY , (40)

{ ]I < L
1 o 1 o . f n
n=

then the irreversible heat losses in the iaezl heat engine will be less than

23,11 -
idesl)} = K

£ e

in an actual heat enzine and the naximur power afficiency, Tlm, Eq.(23) will
in fact be an upper bound. It seems extremely plausible to assume that the
irreversible heat loss: will increase more rapidly than just the linear power
in T1 - T,. It will, thus,betgggzgi;Zed or assumed that Eq.(40) will be
true for all heat engines and/that M does represent an upper bound for the

power efficiency of any actual heat engine,

Maximum power efficiency of a solar emgine

A problem of gonsidersble interest to the problem of 1life in the solar
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system is the problem of the maximum utilization of solar energy. It 1is
conceivable (no matter how unlikely) that sophisticated life forms other than
man may also be able to construct heat engines for the maximum conversion of
solar energy to mechanical power, The maximum rate of conversion to
mechanical work also gives a direct estimate of the maximum rate that -sun-
light can be utilized for any ordering process.

The ideal device considered here is diagramed in Figure 5. This device
is assumed to exist in space in orbit about the sun, Sunligét is focused by
a parabolic mirror upon the surface A', Heat from this surface is delivered
to a reversible or Carnot engine (which is assumed here to remain reversible
even while running at a finite rate) which rejects heat to a sphere of radius
a which radiates the thermel energy into deep space., It will be assumed
that the radius of the parabolic mirror is alsc equal to a, so that no sun-
l4ight impinges upon the cold radiating sphers which faces away from tne sun
as shown, It will be assumed unat the radiating ephere is sufficlently
distant from the parabolic mirror and the reversible heat engine so that the
thermal energy may be assumel to radiate over L W stereradians into deep space,
It will be further assumed that the parabolic mirror is ideal and reflects
1003 of the light incident upon it.

From geometrizal opticical consideration (ray tracing) or from the second
law of thermodynamics no Focusing device can yleld an illumination brighter
thar the surface brightness of the original diffuse surface radiating light.
This means that the surface upon which the sunic rays are focused can never
exceed the brightness of the sun's surface or can never exceed the temperiture
of the sun's surface (assumed here tc be SBOOOK). If the surface upon which
the sun’s r«yr are focused .- 18 agssumed to be a black bedy it will reradiate
energy (back towerd the sun, assuming A' small compared with area intercepted

by parabolic mirror), so that the net rate thax erergy will e sbsorbed is
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rigure 5, Dlagram of an idealized solar engine consisting of an idealized
parabolic mirror of radius a which concentrates the sun's rays onto the

surface A! st the temperature Tl and a Carnot engine operating between the

source at Tl and a heat sink consisting of an ideal radiating sphere (also

of radius g) at the temperature T2.

Ly
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Q, = po(h -ty (b1)

radiation from
where the incident flux is taken to be equivalent to/a portion of the sun's

suriace of area AV and U is the Stefan~Boltzman constant appropriate for the
fourth puwer law for thermal radiation emitted by a biack body, and where Ts
is the effsctive temperature of th2 sunt's surface (Ta 4 5800°K) and Tl is
the temperature of the surface A! °

The rate that solar energy impinges upon the parabolic mirror/;.sQéiven
by the rate at which it leaves the sun per unit arsa, decreased by the inverse

square of the distance times the area inturcepted by the mirror; thus,

é - wgz(rs/r)zo”l‘t 5 (12)

where T is the radius of the sun and r is the distance of the device from
the center of the sun. Since the rate that ¢nerey impinges upon the surfacze
A' is taken 10 be the same as the flux from the sun's surface, the vdlue of

A' appropriate for the present idealized circumshances is
22,2 .
A = Wa rS/r . (43)

The ccld sink {the sphere on tae -~ight in Figure 5§ whivh ic shislded
from the cireci rays of the sun) s « :.wwed to radiabe inte jsep space as a
black body. Taking the temperature of deep space to be To (where T o ™ 3.5%K)
and the temperature of the radiating sphere to be '1‘2, the rate that energy

is radiated off into deep space s given by

© o omt 4,
Q, = 4wa s ~-TH ., (44)

- T Lo sy rared vnal L8 revers. s oot e- s cochacted hetwueen the hot

oar gl bongesratare UL o0 s oo gt temverar. - , Joes worx ab the rate
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° and
W such that all of the work is utilized internally to the device/such that all

of the energy is eventually converied back i *o thermal energy by fiiction,
etc., at the temperature T2 and if it is sssumed that there is no net
ace'mulation of stored energy such as internal chemical energy, then the
rate tiat the surface A' absorbs energy must equal the rate that the z0ld
sphere reradiates energy, Thus to maintain thermal equilibrium for the
system and nsgleciing any Lime rales of accumulavion of storsd snargy, the

heat fluxes in Egs.(41) and (44) may be equated, yieiding the temperature

T2 as a function of Tl’

L PR P S T
T, = ['ro + (rs/Zr) ('rs - 'rl)] R (45)

e

where A' has been replaced by Eq.(43).
From Eq.(41) for the power delivered to the Carnot engine amd from Eq.{16)
for the efficiency of a Carnot engine,the rate that work may be delivered by

the device becomes
° A 4 |
imae - - pem] (46)

where '1‘2 as a function of Tl is specified by Eq.(45). The temperature Tl
may be adjusted by changing the rate of doing work ';I, thus the maximum rate
of doing work under the present circumstances is given by differentiating
Eq.(46) with respect to T, and setting the resit squal to zero, using Eqe(45).

Letting
2
x = Tl/TB" xo ® TO/TB y b = rs/zr ’ (1)
the maximizing condition may be shown to yield the expression

b + .,lb 3/‘1" & + .
-zp?[? (1-xM + .,:0} + b [b‘*(l - x xﬁ;] + (1~ ) (ok+ x‘;)(w)

= 0
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Since the roct of this expression is always a sizeable fiaction less than
unity (1.¢., the optimum temperature will be & sizesble fraction less than
the surface temperature of the sun) and since for all values of r in the

golar system
2 -5 2 2 , 2
BT = rfar > 07 3D x) o= (T /T, = (3.5/5800)" , (49)

xlo‘ may be neglected in ®q.(48), yielding upon getting rid of the fractional

exponent,
1520 syt s DR = 0, (50)

Letting
z = !;.x‘(P s (51)

Eq.(50) may be written in the form

-25 + b"’(h-z)(1+ z)h = 0 , (52)

Expanding out in powers of z and introducing the constant

= ety (53)
Eg.(52) may be written in the form
- Lzs + cs(b, + 15z + 2022 + lOzB) = 0 , : (54)

Since ¢ is gererally mmch less thon unity (Eqs.(53) and (47)),the root of
Eq.(54) may be found as a power series in ¢, the first three terms being
readily found as

2
zmﬂc+30/h+703/16+"'o (55)

For the case r >> r8 s bl‘ mey bs neglected compared with unity and
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from Eq.{(53)

/5

W e e (56)

¢ = (&b
From Egs.(47), (51) and (55) the optimum temperature becomes approximately
1/10
rm " Ts(rs/r) /Iﬁ . (57)

Substituting this result into Eg.(46) divided by the incident solar flux,
A'GT:, using Eq.{45), neglecting T, as being negligibly small, the maximum

efficiency for this solar engine opersting at a finite rate bacomes

Ny = 1 -(5/&)(1'8/1')2/5 , (58)

to within the smallest power of rs/r. This result is less than the Carnot

efficiency between the temperatures 3, 5% and 580001(, Eq.{16), ‘Qc = 99,9408,

The efficiency however is sufficiently large to be essentially 100% even at

the distance from the sun of the earth's radius, '!Zm(at earth orbit) = 99,533%,
In outer space not on the surface of a planet 3+ is possible to

achieve very large efficiencies {in principle) for the conversion of solar

energy to useful work, Hers however i{he problem is to maximize the rate

al which work is obtained, and this varies according to the distance from

the sun, Thus,for a solar engine with the present design which is fixed in

sizc the quantity to maximize is obtained by multiplying the efficiency

‘Ylm, Eq.(58), by the energy flux from the sun ineid<nt upon the parabolic

mirror,

W o= 'lTazo‘T:(z's/r)ZE!.- (5/&)(rs/r)2/5]. (59)

Differentiating Eq.(59) with respect to r (or equivalently with respect to
(rs/r)) and se.ting the result aqual to zero, the distance from Lhe sun al
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which maximum useful power may be obtained is found to be
5/2
r = (3/2) r = 2,75r_. (60)
m 8 5

To indicate the significance of this result it may be noted that the ratio
of the cptimum power svailsvle at the distance of the earth from the sun to
the maximum power availsble (as obtained by substituting Eq.(60) into (59}

at any radius is given by
g‘(earth) /\:r(ma.ximum) - 847x07F = 'J,o"3 . (61)

A heat engine of a fixed size will deliver much more power closer tc the sun
than the distancé of the earth from the sun.

To see how practical the optimum distance for operating the present solar
heat engine is it may be noted that the equilibrium temperature at 2,75r,,
assuming reradiation over LTr steradians is 2500°K and over 217 sterqdiana'is'
3500°K. These tsmperatures are marginal for the operation of solid devices,
Actually at the distance of 2,751's the sun subtends a sufficiently large
solid angle to hamper the reradiation into space of thermal energy over a
s0lid angle of 4Jr steradians, The optimum distance from the sup for the
operation of this particular hezi engine wilil be somewhat greater than
2.75T o

While it is extremely tempting to postrvlate that the idealized solar
heat engine considered here yislds the maximum possible timre rate of conversion
of solar energy to useful work, it is not clear that quantum processes
involving heat traps cannot improve upon the present device. Irreversibie
or time rate processes do not permit the easy assumptions of thermostatics.,
Whether or not the pressent idealized devize can be improved upon, it is

undoubtedly true that the efficiency indicated by Eq.(58) yields a more
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realistic estimate of the upper 1limit for the efficiency of acttnl solar
engines operating at a finite r te.than is provided by the Carnot efficiency
between the sunts surfacs temperature,5800°K,arxi the temperature of desp
spacs,3.5 K.

It may be noted that the maximum efficiency defined by Eq.{23) is not
applicable to the present circumstanses,since it assumes an infinite heat
sink, The solar engine operating with a finite heat sink will, of course,
hare an efficciency less than ’?m given by Eq.(23) , where Tm is specified Ly

Eq.(57) and To is the temperature of deep space, 3.5%.

LIKELIHOCD OF LIFE FROM BEYOND THE SOLAR SYSTEM

The problem of estimating the likelihood of  _fe exis:iing in the solar
system (presumably apart from the earth) involves niut only the problem of
estimating the Jikelihood of life evolving 'spontaneously! within the salar
system but also the problem of estimating the likelihood of life having
entered and established itself in the solar system having evolved originally

in another stellar system.

Primitive life from bsyond the solar system

It is conceiveable that very primitive life from beyond the solar system
could have become established in a particularly favorable environment within
the solar system, Once an initial 'seed'! or !'germ! became established
evolution could have then produced the advanced life forms that might be
expscted to be found today (such as actually foud on the sarth), This

case is of little i.terest, however, since the process of svulution, evolving
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life forms dictated by the environment, is the primary instrurent for the

life forms as finally ovbserved, It makes little difference whether the
initial 'seed! is assumed to have had an origin from beyond the solar system
or whether the initial 'seed! is assumed to have been generated !spontaneocusly!

within the solar system; the end results are the same,

Advanced life forms from beyond the solar system

If instead of assuming that primitive life from beyond the sclar system
became established in the solar eystem, it is assumed that some highly
evolved life forms immigrated to the solar system, it then becomes of some
interest to ask what part of the solar system provides the optimal environment
for such advanced life forms and, consequently, where might they be found in
the solar system,

It might be argued that such life forms would seek out the environments
similar to those from which they originally evolved. Advanced life from
beyond the solar system could, therefore, have established itsell almost
anywhere in the solar system that can support life at all. Under these
assumptions the environment in which such life forms are to be found will be
quite similar to the environments in which they originally evolved;
consequently, ruch life forms could conceivably also svolve locally (i.e.,
within the solar system) to fit the enviromient. The likelihcod of such
life forms evolving locally becomes the same as the likelihood of such life
forms evolving in similar envirinments bsyord. the solar system, the conditiens
being comparable., It does not appear that the time scale beyond the solar
sytem could be largely different, since the universe is estimated Lo be only
sbout 7 billion years old and it has taken about 2 billion years to evolve
the life on the earth, This means that it is unlikely that highly evolved

life forms from beyond the sclar system would settle in a favorable
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er.vironment within the solar system in which the local fauna have not as yet
svolved to ss high a degree, The region of the universe within any reasonsble
radius of the solar system may be assumed to have roughly the same age as the
solar systemj sl therefore it seems unliksely that life forms suitable for a
partizular environment could have evolved more rapidly elsewhere and then
could have immigrated to the solar system. It is apparently sufficient to
trest the problem of the likelihood of life arising spontaneously within the
solar system environment; ths question of whether or not the life forms

found came from beyond the solar system being largely a matter of indifference,

Sophisticated life forms from bgyond the solar system

If it is assumed that sophisticated life forms, which are not restricted
to any particular narrow range of environments, have imigré.ted to the solar
system, then it may be assumed that such life forms would choose the optimal
environment within the solar system from among «ll of those available,
For example, man together with his machines, space ships, and elaborate
tachnology represents such a sophisticated form of life capable of !'living!
in a very wide range of environments (at least potentially if not currently).
Since sophisticatod life is the only life which could conceivably transport
itself accross interstellar distances, it is only sophisticated life from .
beyond the sclar system which apparently needs concern us, Sophisticated 1life
can have an accelerated evolutionary rate (eg., man and machines); sc that
sopnisticated life from bsyond the solar system could corceivably be more
sdvanced tha: the life forms which have evolved within the solar system,

If the sophisticated life obtained its high utility energy from contained
nuclear reactions (such as fission or fusion energy), it seems unlikely that

such life would enter the solar system (except possibly to obtain matter).



If, however, such contained reactions tended to poison their environment with
radioactlive wastes, it might be that such 1life would seek a natural nuclear
reactor such as the sun, The sun obtains its energy at a low temperature
as compared with the temperature needed in fhermomiclear devices for the
direct conversion of deuterium to helium, The low temperature of the sun,
in addition to its very ccol envelope of only 5800°K, provides a very safe
source of energy which need not radiocactively poison the environment. Since
it is assumed that 1life is essentially in a solid phase, the need to avoid
extraneous disruption of atoms from their proper sites might be a sufficient
motivation for sophisticated 1life to enter the solar system from without,

Assuming that sophisticated life does choose to utilize solar energy,
where is the optimum nvironment in the solar system and where should one,
therelore, search for such sophisticated 1ife? Th. -~ptimal environment
appears to be in free space revolving around the sun in free fall. The
surface of a planet presents a number of awkward features which seriously
detracts from its desirability, A planet which rotates has periods of light
and dark. During the dark periods no energy is ava}lable, so that living
processes mus’ either cease during the night or else energy must be stored
during the day to be utilized at night, In either case living processes are
seriously handicapped., At the very best the high utility energy available is
halved. in rate.,

On the surface of a planet with an atmosphere the sink temperature for

the dissipation of low utility energy is much higher than the temperature of
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deep space. For example,if it is assumed that Venus has a surface iemperature

1
of 600°K, the maximum efficiency for the time rate converaion of solar energy

to useful work, acsording to Eq.(23), letting Tm be the tenperature of the

surface of the suir as an outside limit, becomes
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Ny = (580 - 600)/(5800 + 600) = 81% ,

o
whereas assuming the temperature of 5800 K is available in outer space with

an infinite cold source at 3, SOK, the efficiency becomes
Ny = (5800 = 3.5)/(5800 + 3.5) = 99.9% .

Actually the energy available on the surface of Venus, or an any planet with
a dense atmosphere is extremely small due to the absorption of the sunlight
in the atmosphere; and only a minute percent of the solar energy is avai;a.ble
for useful work,

In empty space the transport of matter necessary for the ordering processes
associated with life can take place along a geodesié¢ without the expenditure
of energy, Man, for example, comsumes a large fraction of the energy he
expends in the transport of men and materials accross the surface of the
earth. In outer space there would be no need to overcome frictional energy,
and there would be no necessity for the/iirpsx‘;diture of energy for the lateral
transport of materials,

The transport proccsses on the surface of a planet being reastricted to
the surface of the planet is essentially two dimensional; whereas, in outer
space it would,in principle,be possible to order substances within a true
three dimc.sional array. The ordering of materials in a thrae dimensional
array could ocour at a much faster rate and more econorically than is possible
for a two dimensional ordering process,

The time rate at which materials may be transported in a vacuum can be
very large; the frictional drag of an atmosphere would not interfere with
the time rate of trsnsport of materials,

The absence of an atmosphere permits a fantastic control over the

possible temperatures that may be readily obtained, By shielding a body from
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the direct rays of the sun it is possible to obtain cryogenic temperatures
down to about 3,5°K. On the other hand,using a mirror to focus the sunts rays
it is possible to obtain temperatures approaching the temperature of the sun's
surface of 5800°K, With little effort and no energy expenditure it is
possible to obtain a wide range of tempsratures in outer space; whils on the
surface of a planet with an atmosphere excremely elaborate and costly systens
must be constructed to achieve the same results.

In outer space buildings and structuies need not have the strength to
overcome the effects of gravity. The only limitat .ons in outer space on the
strength of structures is prescribed by the impulses imparted to the structure
by ths users of the structure, Structures need not be s¢ severely limited in
size as is rresently the case on the earth, for example,

A vacuum being readily available in outer space permits a wide variety &f
technologies presantly :-upossible on the surface of a planst with an atmosphere.-

Direct line-of-sight communications which is impossible on the surface of
a planet is readily available in outer space,

There are a few apparent disadvantages to living in outer space. An
environment requiring volitile liquids and gases under pressure needs a
containing envelope of some strength. No such envelopes are needed on the
gurface of a planet which contains an atmosphere already at the required
pressure. Matter required must be taken from a body in the solar system
with a great deal of effort and a large expenditure of energy. However, once
the matter has been placed in the appropriate orbit bout the sun. it will
be avallable for ever after without any additional expenditure of energy. The
matter nseded may,thus,be accumulated siowly and indefinitely over a period
of vime; and no large drain upon the reserves of the sophisticated life forms
need be assumed, Cosmic rays,as well as soft X rays from the sun, might

produce disordering effects upon the sophisticated life forms., However,
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magnstic fields established over a large volume of space would effectively
shield life from energetic charged particles; and lcw density gas in 3 large
regicn would effectively stop soft X rays. The magnetic field could be
maintained without energy expenditure by using currents in superconductors
which may be readily maintained in a superconducting state by virtue of the
cryogenic enviromment always avaiiable in ocuter space, The gases al low
densities could be maintained in la. ‘e balloons. Nune of the disadvantages
to living in outer .space appear to be insurmountable to sophisticaied life,
The advantages to living in outer space as opposed to living on ths surface
of a planet appear to far outweigh the disadvanbtages.

It being concluded that sophisticated life forms will not choose to live
on the surface of a planet, the question still remains as to whers such life
might be found if it were in the solar system, Assuming that the sophisticated
i1ife will utilize solar energy, it may then be assumed that such life will te
found where it can utilize solar energy optimally. In the previc.is Section
for the particular idealized solar engine considered there the optimum
distance from the sun was given by Eq.(60) or at 2,75 times the sun's radius,
At this distance 141 wa.tta/cm2 of useful mechanical power may be obtained at
an efficiency of 178. At farther distances from the sun the efficiency will
increase (but the maximum power for a fixed parabolic mirror will decrease).
Assuming the parabolic mirror is made of real materials and reradiates the 'solar
energy it absorbs over a LW solid angle it will attain an.equilibrium
temperature, Ts(ra/&m)%o;; 2500°K,  If this high temperature is inconvenient
for the parabolic mirror, then the sophisticated life forms might be expected
at some distanc~ father from the sun, It seems reasonable to expect that

such sophisticated life furms would choose soms radius from the sun lying
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between the orbit of Mercury at 83.4 times ih2 sun's radius and the sun's
surface,

If such life forms had entered the solar system millions of years ago,
and had been successful in maintaining themselves close to the sun;, it is
perhaps reaasonable to expect that by this time they might be utilizing a
measurable fraction of the energy radiated by the sun., There appears to
be nv evidence that this is the case; solar energy appsars to reach the
sarth unimpaded by any large size or large number of objects close to the
sun, If sophisticated 1life has entered the solar sytem and if it has entered
to utilize solar energy, then it must have entered recently (perhaps within
the last 100,000 years).

The present analysis is,perhaps,more useful in indicating where mun
will eventually choosc to settle and attain his highest utilization of energy,
rather than indicating where sophisticate life from beyond the solar sysbem

has already chozen to settle,
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